Introduction 30 31
The spindle segregates chromosomes at cell division, and must do so accurately and 32 robustly for proper cell and tissue function. In mammalian spindles, bundles of 15-25 33 microtubules called kinetochore-fibers (k-fibers) span from the kinetochore at their plus-34 ends to the spindle pole at their minus-ends (Rieder, 1981; McDonald et al., 1992; 35 McEwen et al., 1997). K-fibers are dynamic at both ends (Mitchison, 1989; Cassimeris 36 and Salmon, 1991), and we now have a wealth of information on the molecular 37 regulation of their dynamics (Cheeseman and Desai, 2008; Bakhoum and Compton, 38 2012; Monda and Cheeseman, 2018) . To move chromosomes, k-fibers generate force 39 through plus-end depolymerization (Koshland et al., 1988; Grishchuk et al., 2005; 40 Mitchison et al., 1986 ). Yet, while we are beginning to understand how the mammalian 41 k-fiber generates force (Inoué and Salmon, 1995; Grishchuk, 2017) , we know much less 42 about how force from the k-fiber and surrounding spindle in turn affects k-fiber structure 43 and dynamics. Defining this relationship between k-fibers and their mechanical 44 environment is central to understanding spindle structural homeostasis and function. 45
Force affects microtubule dynamics and structure in a variety of contexts 46 (Dogterom et al., 2005) . From in vitro experiments coupling single microtubules to yeast 47 kinetochore particles, we know that force can regulate all four parameters of 48 microtubule dynamic instability (Akiyoshi et al., 2010; Sarangapani et al., 2013) : it 49 increases polymerization rates while slowing depolymerization, and favors rescue over 50 catastrophe. From in vivo experiments, we know that force exerted by the cell correlates 51 with changes in mammalian k-fiber dynamics (Wan et al., 2012; Dumont et al., 2012; 52 dynamics with fluorescence imaging. We show that forces applied for minutes regulate 76 k-fiber dynamics at both ends, causing k-fiber lengthening, but do not cause sliding of 77 the microtubules within them. Further, we demonstrate that sustained forces can break 78 k-fibers rather than detach them from kinetochores or poles. Thus, k-fibers respond as a 79 coordinated mechanical unit -remodeling at different sites to locally dissipate force, 80 while preserving the connections between chromosomes and the spindle. Together, 81 these findings suggest local force dissipation as an engineering principle for the 82 dynamic spindle to maintain its structure and function under force and for other cellular 83 machines to do the same. To determine how mammalian k-fibers remodel under force, we sought an approach to 91 apply forces with spatial and temporal control for sustained periods, compatible with cell 92 health and live imaging of structure and dynamics. We adapted microneedle 93 manipulation to pull on individual k-fibers in mammalian cells ( Fig. 1A) and developed 94 methods to do so gently enough to exert force for several minutes (Suresh et al., 2019) . 95
We used PtK cells as these are large and flat, have few chromosomes which allows us 96 to pull on individual k-fibers, and are molecularly tractable (Udy et al., 2015) . We used a 97 micromanipulator and a fluorescently labeled glass microneedle to contact a target 98 metaphase PtK cell. We used microneedles with a diameter of 1.2 ± 0.1 µm in the z-99 plane of the k-fiber. Pulling on an outermost k-fiber in the spindle for several minutes, 100 we could reproducibly exert controlled forces, moving the microneedle with specific 101 velocities over any given duration ( Fig.1B) and direction. The microneedle only locally 102 deformed the cell membrane and spindle and remained outside of the cell, allowing 103 precise, local control of where force is applied ( Fig. 1C ) (Suresh et al., 2019) . Upon 104 careful removal of the microneedle, cells typically entered anaphase (Fig. 1D ). These 105 observations are consistent with cell health maintenance during these sustained 106 manipulations. Thus, we can use microneedle manipulation to exert forces with spatial 107 and temporal control over minutes on a mammalian k-fiber, and thereby probe how 108 force regulates k-fiber structure and dynamics. 109 110 Individual mammalian k-fibers switch to persistent lengthening in response to sustained 111 applied force 112
113
To probe the response of k-fibers to force, we placed the microneedle along the k-fiber, 114 within a few microns of the outermost sister kinetochore pair ( Fig. 2A,B ). We moved the 115 microneedle at a speed of 5.2 ± 0.2 µm/min for 3.1 ± 0.3 min ( Fig. 1B) , perpendicular to 116 the spindle's long axis at the start of manipulation. We predicted that in response to 117 force from the microneedle the spindle would either locally or globally deform ( Fig. 2A ). 118
In response to this perturbation, the spindle translated and rotated, with faster 119 microneedle speeds giving rise to faster spindle speeds ( Fig. 2C,D) . Thus we see global 120 movement of the spindle in response to force. Yet, in these same spindles we also 121 observed that k-fibers lengthened, indicating that the spindle also locally responds to 122 force ( Fig. 2E ). During the pull, the manipulated k-fiber bent and lengthened by 4.1 ± 0.8 123 µm; meanwhile, an unmanipulated k-fiber in the same spindle half lengthened 124 significantly less over the same duration (net k-fiber growth 0.03 ± 0.32 µm, Mann-125 Whitney U test, p = 6x10 -5 , Fig. 2F ). Thus, force is dissipated locally by k-fiber bending 126 and lengthening, and globally by whole spindle movements. 127
The manipulated k-fiber grew at 1.6 ± 0.3 µm/min, which was not significantly 128 faster than its neighboring unmanipulated k-fiber during the growth phases of its 129 oscillations (1.4 ± 0.1 µm/min, Mann-Whitney U test, p = 0.98, Fig. 2G ). However, the 130 manipulated k-fiber persistently lengthened ( Fig. 2E ), with either undetectable or very 131 transient shortening, for longer than typical metaphase oscillations (Wan et al., 2012; 132 Civelekoglu-Scholey et al., 2013). There was no correlation between k-fiber growth rate 133 and pulling speed ( Fig. 2H ), suggesting either that force was dissipated before reaching 134 the k-fiber's ends or that force does not regulate its maximum growth rate (Nicklas, 135 1983 (Nicklas, 135 , 1988 Skibbens and Salmon, 1997; Betterton and McIntosh, 2013) . Further, the k-136 fiber growth rate did not vary with the proximity of the microneedle to the plus-end 137 (Spearman R coefficient = 0.08, p = 0.76, Fig. 2I ), which we hypothesized would lead to 138 more direct force transmission, consistent with force not regulating the k-fiber's 139 maximum growth rate. Together, these findings indicate that individual k-fibers remodel 140 under sustained force for minutes by persistently lengthening. They also suggest that 141 force inhibits their normal switching dynamics rather than substantially increasing their 142 growth rate, which may serve as a protective mechanism to limit the rate of spindle 143 deformations and thereby preserve spindle structure. 144
Force on individual mammalian k-fibers suppresses depolymerization at both ends 146
without altering plus-end polymerization rates or inducing microtubule sliding 147 148 Metaphase mammalian k-fibers typically depolymerize at their minus-ends, and switch 149 between polymerizing and depolymerizing at their plus-ends. Thus, force could lengthen 150 k-fibers by increasing plus-end polymerization rates, by suppressing depolymerization 151 at either end, by sliding microtubules within the k-fiber ( Fig. 3A ), or by a combination of 152 these. To determine the physical mechanism of k-fiber lengthening under sustained 153 force, we photomarked PA-GFP-tubulin on a k-fiber before micromanipulation and 154 tracked the photomark's position and size within the k-fiber (co-labeled with SiR-tubulin) 155 ( Fig. 3B ) over time. In unmanipulated cells, photomarks fluxed towards the pole at a 156 constant rate that reports on depolymerization at the minus-end ( Fig. 3C) (Mitchison, 157 1989 ). Upon external force from the microneedle, the photomark to pole distance 158 remained constant ( Fig. 3D ), while the photomark to plus-end distance increased ( Fig.  159 3E). This response indicates that applied force suppresses microtubule 160 depolymerization at k-fiber minus-ends and that k-fibers lengthen by sustained 161 polymerization at plus-ends. 162
Mapping these findings to the previous experiment measuring k-fiber lengthening 163 ( Fig. 2E,G) , in the subset of k-fibers that lengthened (15/18), the growth rate was 1.9 ± 164 0.4 µm/min, which is the rate of plus-end polymerization given that depolymerization at 165 both ends is inhibited ( Fig. 3D,E ). This is similar to the plus-end polymerization rate of 166 neighboring unmanipulated k-fibers during natural growth: lengthening at 1.4 ± 0.1 µm/min ( Fig. 2G ) while depolymerizing at the minus-end at ~ 0.5 µm/min results in a 168 polymerization rate of ~1.9 µm/min at plus-ends (Mann-Whitney U test, p = 0.55) (Long 169 et al., 2017) . This indicates that the applied force does not increase mammalian k-fiber 170 plus-end polymerization rates. 171
Notably, the average width of the photomark remained constant during 172 manipulation ( Fig. 3F,G) , indicating the microtubules do not detectably slide within the 173 bundle. Thus, the k-fiber behaves as a single coordinated mechanical unit, rather than 174 as microtubules that independently respond to force. Together, our findings indicate that 175 individual k-fibers lengthen under force by remodeling their ends, and not their bundle 176 structure: force suppresses depolymerization locally at both plus-and minus-ends ( Fig.  177 3), leads to persistent plus-end polymerization at a force-independent rate (Fig. 2,3) , 178 and does so with the k-fiber responding as a single mechanical unit ( Fig. 3 ). Thus, force 179 is dissipated locally at k-fiber ends. This may limit force transmission to the rest of the 180 spindle, thereby preserving overall k-fiber and spindle architecture for proper 181 chromosome segregation. 182
183
The interfaces between mammalian k-fibers and the kinetochore and pole are more 184 robust than k-fiber bundles under sustained force 185 186 Finally, we asked how k-fiber structure and spindle connections changed over the ~5-7 187 min lifetime of its microtubules (Gorbsky and Borisy, 1989; Cassimeris et al., 1990; Zhai 188 et al., 1995) , since this could set a timescale for their response to force. We 189 hypothesized that as microtubules turn over the manipulated k-fiber could, for example, 190 detach from the spindle or break (Fig. 4A ). We used microneedles to pull on k-fibers for 191 several minutes. Over these sustained pulls, we never observed k-fiber detachment 192 from the kinetochore or pole, indicating strong anchorage at those force-dissipating 193 sites (Nicklas and Staehly, 1967; Begg and Ellis, 1979; Nicklas et al., 1982; Gatlin et al., 194 2010; Fong et al., 2017) . Instead, k-fibers bent, lengthened, and then occasionally 195 broke, 3.7 ± 0.5 min after the start of pulling ( Fig. 4B ). To probe the mechanism of this 196 breakage, we examined k-fiber structure over time and the kinetics of breakage. K-197 fibers that broke sustained high curvature for many minutes before breaking ( Fig. 4C) , 198 and reached a maximum curvature similar to those that did not (p = 0.25 Mann-Whitney 199 U test, Fig. 4D ). Further, k-fiber breakage kinetics appeared independent of the specific 200 manner in which forces are exerted on the k-fiber: the time to breakage was similar 201 when we moved the microneedle for a shorter time and held it in place, or pulled 202 continuously for the entire duration of manipulation ( Fig. 1B, 4E ). Together, these 203 suggested that the breakage process occurred gradually over sustained force, rather 204 than rapidly by reaching an acute mechanical limit of k-fiber bending (Nicklas et al., 205 1989; Gittes et al., 1993; Ward et al., 2014; Schaedel et al., 2015) . A k-fiber damage 206 process that is gradual would promote breakage in response to sustained but not 207 transient forces, setting a limiting timescale for restoring spindle structural homeostasis. 208 A possible model for gradual damage of the k-fiber over minutes is loss of 209 microtubules as they turn over and fail to replenish within the k-fiber. In addition to 210 turnover, it is also possible that there are alterations to k-fiber microtubule structure that 211 would lead to gradual damage. During these manipulations, we observe microtubule 212 plus-ends that appear to 'splay' from the bundle near the needle in 80% of k-fibers before breakage ( Fig 4B,F) , and when we can track plus-ends after breakage, they fail 214 to depolymerize ( Fig 4G) . This is in contrast to abruptly created k-fiber plus-ends which 215 depolymerize within seconds (Spurck et understanding spindle structural homeostasis. We find that individual k-fibers respond to 233 and dissipate sustained force by locally turning off microtubule depolymerization at both 234 plus-and minus-ends ( Fig. 2, 3) , and eventually breaking on the timescale of their 235 microtubule turnover (Fig. 4 ). They do so without increasing their rate of plus-end 236 polymerization (Fig. 2,3 ), without sliding their microtubules within the k-fiber (Fig. 2,3 ) 237 and without detaching from kinetochores or poles ( Fig. 4) . Thus, how the k-fiber 238 responds -and doesn't respond -to force allows it to act as a single mechanical unit 239 that can maintain its connections to chromosomes and preserve global spindle 240 structure. The ability to directly exert force on the mammalian spindle is key to this work 241 as it allowed us to clearly probe the feedback between force, structure, and dynamics in 242 the spindle (Elting et al., 2018) . Together, these findings suggest different physical 243 mechanisms of local force dissipation as an engineering principle for the spindle to 244 maintain its structure and function under sustained forces ( Fig. 5 ). More broadly, this 245 study provides a framework for understanding how the spindle remodels under force 246 during chromosome segregation. 247
We show that mammalian k-fiber plus-ends persistently polymerize at normal 248 rates in response to applied force (Fig. 2,3) . In contrast, microtubules attached to yeast 249 kinetochore particles in vitro polymerize faster at higher force, in addition to suppressing 250 catastrophe and favoring rescue under force (Franck et al., 2007; Akiyoshi et al., 2010) . 251
In newt cells, force induces persistent k-fiber lengthening at normal k-fiber growth rates 252 (Skibbens and Salmon, 1997) , and our findings suggest that this may occur through 253 regulation of dynamics at both ends. The different force-velocity relationships at 254 kinetochore-microtubule plus-ends in mammals and yeast kinetochore particles could, 255 for example, stem from differences in applied forces, kinetochore architecture (Long et  256 al., 2019), or additional regulation in cells. The molecular basis of potential "governors" 257 of k-fiber plus-end polymerization velocity has been a long standing question (Nicklas, 258 1983; Betterton and McIntosh, 2013; Long et al., 2017) , and our findings suggest that in mammals this molecular "governor" is not mechanically regulated. Notably, force not 260 regulating mammalian k-fiber polymerization velocity (Fig. 2,3 ) could provide a 261 protective upper limit to how fast the spindle can remodel. It also has implications for 262 mechanical communication in the spindle, for example how force regulates kinetochore-263 microtubule attachments (Li and Nicklas, 1995; Sarangapani and Asbury, 2014) . 264
We demonstrate that force not only regulates the dynamics of individual k-fibers' 265 plus-ends, but also of their minus-ends ( Fig. 3) On longer timescales, we find that the k-fiber breaks under force, without 282 detaching from the kinetochore or pole (Fig. 4 ). This is surprising as force-induced 283 detachments from kinetochores occur in vitro (Akiyoshi et al., 2010) and in meiotic 284 insect cells (Nicklas, 1967; Nicklas and Koch, 1969 suggesting that the k-fiber's lifetime may limit the long-term impact force can have over 290 spindle structure. Our findings suggest a model of gradual k-fiber damage, and that 291 sustained force may not only regulate biochemistry at the k-fiber's ends, but also in its 292 middle along the microtubule lattice (Fig. 4F,G Altogether, we show that mammalian spindles locally dissipate sustained force 301 by remodeling k-fiber dynamics and structure through different physical mechanisms 302 over time (Fig. 5 ). In principle, this can allow the spindle to preserve robust connections 303 to chromosomes, and maintain its structure under force throughout mitosis. Local 304 dissipation of force limits its impact on the rest of the spindle, providing local isolation. In 305 turn, the timescale of such dissipation limits the timescale of mechanical memory in the 306 spindle. By regulating force dissipation, the spindle could set the impact force has on its 307 structure over time to allow it to respond to different mechanical cues and perform 308 different mechanical functions. Looking forward, it will be of interest to map how 309 spindles with different k-fiber dynamics and structures across species dissipate and 310 transmit force, and thereby preserve their structural homeostasis ( Photoactivation was performed using a MicroPoint pulsed laser system (Andor) to 377 deliver several 3-ns 20Hz pulses of 405nm light to activate PA-GFP-tubulin (Fig. 3) . 378 379
Microneedle manipulation 380
Microneedle manipulation was adapted for use in mammalian spindles for sustained 381 periods of many minutes by optimizing needle dimensions, contact geometry, and 382 speed of motion to minimize cellular damage. Further microneedle manipulation details 383 can be found in (Suresh et al., 2019) . 384 385
Preparation of microneedles: 386
Glass capillaries with an inner and outer diameter of 1 mm and 0.58 mm respectively 387 (1B100-4 and 1B100F-4, World Precision Instruments) were used to create 388 microneedles using a pipette puller (P-87, Sutter Instruments, Novato, CA). For a ramp 389 value of 504 (specific to the type of glass capillary and micropipette puller), we used the 390 following settings: Heat = 509, Pull = 70, velocity = 45, delay = 90, pressure = 200, 391 prescribed to generate microneedles of 0.2 µm outer tip diameter (Sutter Instruments 392 Pipette Cookbook). The measured diameter of the microneedle in the z-plane of the 393 manipulated k-fiber was 1.2 ± 0.1 µm (the tip was placed deeper than the k-fiber to 394 ensure that it would not slip during movement). Microneedles with longer tapers and 395 smaller tips than above were more likely to rupture the cell membrane. Microneedles 396 were bent ~1.5 mm away from their tip at a 45° angle using a microforge (Narishige 397
International, Amityville, NY). This allowed for microneedles placed in the manipulator at 398 a 45° angle to approach the cell vertically and minimize the overall surface area of 399 contact between the microneedle and the cell membrane. 
Selection of cells: 410
Cells for micromanipulation were chosen based on being at metaphase, being flat, with 411 a spindle having two poles in the same focal plane. These criteria were important for 412 pulling on single k-fibers close to the top of the cell and simultaneously being able to 413 image the whole spindle's response over several minutes of manipulation. Cells were 414 included in our datasets if they did not appear negatively affected by micromanipulation. 415
We did not include cells that underwent sudden and continuous blebbing upon 416 microneedle contact, cells with spindles that started to collapse during manipulation or 417 cells with decondensed chromosomes. 418 movements and was used to find and position the microneedle before imaging. To find 424 and position the microneedle, we first located and centered the microneedle tip in the 425 field of view using a low magnification objective (20X 0.5NA Ph1 air). We placed the 426 microneedle in focus just above the coverslip before switching to a 100X 1.45 Ph3 oil 427 objective and refined the xyz position of the microneedle to be right above a cell of 428 interest, using the Ph1 phase ring to confirm microneedle position (phase ring mismatch 429 visually highlights the position of the glass microneedle). 430
Upon choosing a cell to manipulate, we identified an outer k-fiber in a plane close 431 to the top of the cell focused on this k-fiber. Then, we slowly brought the microneedle 432 down into the cell using the fluorescent label of the microneedle tip to inform on its 433 position until just deeper than the k-fiber of interest. If the microneedle's position was 434 too far away from the k-fiber of interest, we slowly moved the microneedle out of the 435 cell, adjusted its xy position and brought it back down into the cell. Through this iterative 436 process, we could correctly position the microneedle such that it was inside the spindle, 437 next to the outer k-fiber. 438
Once the microneedle was positioned next to an outer k-fiber near the top of the 439 cell, it was moved in a direction that is roughly perpendicular (~60°-90°) from the 440 spindle's long axis using software (Multi-Link, Sutter Instruments). We wrote a custom 441 program to take as inputs the desired angle, duration, and distance for the microneedle 442 movement and then output a set of instructions in steps, x, y positions, and delays for 443 the Multi-Link software to achieve to desired movement. For all manipulations except 444 those in Fig. 4E , we moved the microneedle at 5.2 ± 0.2 µm/min for 3.1 ± 0.3 min (Fig.  445   1B) . For the 'pull and hold' experiments, we moved the microneedle at 4.5 ± 0.7 µm/min 446 for 1.7 ± 0.2 min and then held in place until breakage ( Fig. 4E) . At the end of the 447 manipulation the microneedle was manually removed from the cell in the z-axis slowly 448 (<5 µm /min) to avoid membrane rupture or cell detachment from the coverslip. 449 450
Tracking of spindle features 451
For all analyses (Fig. 2-4 Pole and kinetochore position were calculated using the x and y coordinates of the point 464 at the end of the spline that terminated at the pole and kinetochore, respectively. Time t 465 = 0 was set to the first frame after the start of microneedle movement. Pole, 466 microneedle, and kinetochore speed were calculated using the average displacement of 467 the ends of the spline or center of the microneedle position over time (Fig. 2D,H) . K-468 fiber length and net growth rate were calculated using the length of the spline over time 469
and with linear regression from the start and end of the manipulation ( Fig. 2E-I) . For the 470 analysis of k-fiber growth rate of unmanipulated k-fibers specifically during the growth 471 phase (Fig. 2G) , the start and end points were selected manually when there were at 472 least three consecutive timepoints where the k-fiber length increased. The distance 473 between the microneedle and plus-end was calculated as the linear distance between 474 the center of the microneedle centroid and the plus-end terminus of the spline (Fig. 2I) . 475
Microtubule 'splaying' was manually scored as the first frame in which new microtubule 476 density appeared on the side of the k-fiber near the point of high curvature (Fig. 4B,F) . 477
These events occurred within one time point (<10s), thus their dynamics of appearance 478 could not be carefully characterized under these imaging conditions. K-fiber breakage 479 was manually scored as the first frame in which the two k-fiber pieces moved in an 480 uncorrelated manner (Fig. 4B,E-G) . 481 482
Photomark analysis 483
For photomark analysis, splines were tracked on maximum intensity projections of three 484 z-planes using the 647 channel (SiR-tubulin label) and then that spline with a thickness 485 of 5 pixels was used to calculate the intensity in the 488 channel (PA-GFP tubulin) at 486 each point using a custom-written macro in Fiji, with all subsequent analysis in Python. 487 Photomark position over time was calculated using the position along the curved k-fiber 488 spline at which the maximum intensity value occurred after masking bright intensity 489 directly at the pole that was separate from the photomark signal ( Fig. 3C-E) . Points 490 were only included if the photomark remained in focus above background fluorescence. 491 K-fiber intensity was normalized to the average intensity of the k-fiber in the timepoint 492 prior to photomarking to identify the peak, however no intensity measurements were 493 performed due to fluctuation of the k-fiber in the z-axis beyond the 3 z-planes 494 measured. For calculation of photomark width (Fig. 3F ), Gaussian fitting was performed 495 on the normalized k-fiber intensities and the full-width at the half-maximal intensity 496 (FWHM) was calculated using the width of the distribution (σ) obtained from the fit, as 497 per FWHM 2 2 2 (Fig. 3G) for the subset of timepoints where the Gaussian function 498 could fit the data. 499 500
Curvature analysis 501
For curvature analysis (Fig. 4C,D) , local radius of curvature (µm) was calculated by 502 inscribing a circle through three points spaced by an interval of 1.5 µm along the spline 503 using a custom Python script. This radius was used to calculate curvature (1/µm) by 504 taking the inverse. 505 506
Video preparation 507
Videos were formatted for publication using Fiji and set to play at 15 frames per second. 508 509
Statistical analysis 510
Data are reported as mean ± SEM where indicated. All statistical testing was performed 511 using the Python SciPy statistical package in Python. Two-sided Mann-Whitney U 512 testing was used to compare independent samples while Wilcoxon signed-rank tests 513 were used to compare paired data sets since we did not test whether assumptions for 514 normality were met due to low sample size. Correlations were examined by calculating 515 the Spearman rank-order correlation coefficient and no outliers were removed. Due to 516 the technical challenges of these experiments, sample sizes are small. We used p < 517 0.05 as the threshold for statistical significance and have directly indicated in the figure  518 and figure legend the p value and n, where n refers to the number of cells. We have 519 therefore not performed statistical analysis for experiments with n ≤ 4 ( Fig. 3) 
